INTRODUCTION
The potential e¡ects of the deposition of copper mine tailings onto high-energy sandy beaches on the fauna present can be divided into two groups. The ¢rst are derived from the elevated metal concentrations and the second are the physical e¡ects of the tailings themselves. The elevated metal concentrations a¡ect the physiology depending on the extent to which a given species may regulate the metal concentration inside its tissues (Rainbow, 1997) . The extent of the physical e¡ects, on the other hand, depends on the quantity of tailings deposited. In extreme cases, the original sediment is completely smothered and the original fauna eliminated but, in intermediate situations, the original sediment remains and the interstitial space is reduced due to the addition of the generally ¢ner tailings.
The disposal of copper mine tailings has taken place in the Chan‹ aral area of northern Chile since 1938. The untreated tailings were originally sent down to the coast emptying into Bah|¤ a Chan‹ aral, resulting in the formation of a large tailings beach in the bay. In 1975, the tailing discharge was redirected, through a canal, to a new dumping point at Caleta Palito (Figure 1 ). Dumping of solid waste took place at Caleta Palito from 1975 through to 1990, and the estimated tailing discharge was between 125 and 150 million tonnes. Since 1990, only waste water from which the solid component has been allowed to settle out, has been dumped at Caleta Palito.
Saccocirrus sonomacus Martin, 1977 is an interstitial polychaete within the clade Protodrilida, which is within (incertae sedis) the more inclusive clade Canalipalpata (Rouse & Fauchald, 1997) . Saccocirrid polychaetes are typically found in coarse sediments associated with the surf-zones of high-energy sandy beaches (Brown, 1981) .
They are small organisms typically measuring 1^20 mm long and 0.5 mm wide. Observations of the movement of S. sonomacus through the sediment suggest that it is a true interstitial species, i.e. it does not burrow (M.R. Lee, personal observation). Saccocirrus sonomacus moves through the interstices by ¢rst attaching its pygidium to a sand grain using an adhesive gland system, it then extends its body through the interstices, sometimes several times the resting body length. It appears that the palps have a sensory function in addition to being used for feeding, as they are constantly in motion apparently testing each sand grain that they come into contact with. When the body reaches its full extension, the pygidium is released, the body contracted, and the pygidium reattached to another sand grain. Saccocirrus sonomacus is common to much of the Paci¢c coast of the Americas. It has been recorded in California (type location, Martin, 1977) , the Galapagos Islands (Schmidt & Westhide, 1977) and on beaches in Chile between Regions III and VI (present paper).
In this study we have used an interstitial species, S. sonomacus as a model to determine the physical e¡ects of tailing deposition and whether those e¡ects are more or less important than the physiological e¡ects of elevated metal concentrations in the interstitial environment. The tested hypothesis is that S. sonomacus is physically excluded from the beaches impacted by tailings as a result of the blocking of interstitial spaces rather than toxically excluded as a result of increasing interstitial copper concentrations. 3 samples were collected from the lower intertidal of each beach around low tide, using a 60 ml plastic syringe modi¢ed to form a quantitative piston corer (sample depth 75 mm). Samples were placed into 100 cm 3 plastic bottles with 10% formalin, then returned to the laboratory for processing. In the laboratory, the meiofauna was extracted using a simple decantation methodology (Pfannkuche & Thiel, 1988) . The samples were shaken and the supernatant poured through a 45-mm mesh. This process was repeated ¢ve times for each sample, with a 95% meiofaunal extraction e⁄ciency (M.R. Lee, unpublished data). The meiofauna retained on the mesh were then washed into a gridded Petri dish and counted under a binocular microscope (Wild M5). The concentration of bioavailable metals in both the interstitial porewater was measured using the di¡usion gradient in thin-¢lms (DGT) method (Davidson & Zhang, 1994) . A full description of the DGT methodology, analysis used and a discussion of the bioavailable metals present at the sites under study are presented in Lee et al. (2002) .
MATERIALS AND METHODS

Sediment choice chambers
Choice experiments were conducted in small glass aquaria of 200 mm in length, 50 mm in width and 50 mm in depth. The two sediments used to prepare the treatments were from Las Salinas (Lcn) and Playa Grande (Pgr), both sites are in Las Cruces, central Chile. Las Salinas is a coarse (0.678 f, median diameter) sand beach where S. sonomacus is common in the low intertidal. Playa Grande is a ¢ne (1.658 f, median diameter) sand beach where S. sonomacus has not been recorded and was used to represent the tailings. About 10 mm of treatment sediments were added to the aquaria in di¡erent combinations (Table 1) . When required to prepare the experiments a plastic divider was used as a temporary partition of the aquaria. Seawater (¢ltered, 10 mm) was then added up to 10 mm above the sediment surface. To avoid any experimental bias, the treatments were placed randomly to one side of the aquaria or the other.
The test organisms were collected at the start of each experimental run from a small shell sand beach within the reserve at Estac|¤ on Costera de Investigaciones Marinas (ECIM), Las Cruces. A minimum of 20 individuals were added to each aquaria, just above the interface between the two treatments to prevent an initial bias towards one or the other. Test organisms were extracted from the native sand by an osmotic shock method using freshwater. The polychaetes were exposed to the freshwater for less than 30 s, removed from the sediment by the decantation method, and returned to seawater immediately. Saccocirrus sonomacus treated this way appear to su¡er no ill e¡ects and can be maintained in the laboratory for a week or more after extraction by this methodology (M.R. Lee, personal observation). Only active and undamaged individuals were selected for addition to the choice chambers. An experimental run lasted for 24 hours and during this time, the aquaria were kept under constant illumination (Phillips 40W £uorescent tubes) and ambient seawater temperature (158C AE1.58C) in a running seawater bath. The seawater in the aquaria was not aerated, as this would disturb the treatments and dissolved oxygen concentrations were not expected to become a problem in 24 hours. At the end of the experimental run, the divider was replaced between the treatments and each treatment washed into a jar. To each jar was added 10% formalin and after 24 hours the test organisms were extracted using the decantation methodology and counted under a binocular microscope. The di¡erences between treatments were analysed using a two-tailed t-test.
Bioassay tests
The copper toxicity bioassays were conducted in acid washed (HNO 3 , 48 h) Petri dishes. There were four replicates per treatment. Saccocirrus sonomacus were collected and selected at the start of the experiment (as above). The toxicity tests were conducted in two runs as follows. Run 1: control (¢ltered seawater), 50 mg Cu l . Experimental treatments were made up using 10 mm ¢ltered seawater from Las Cruces and 1g CuSO 4 solution (Merck). Exposures were for 96 hours and during the exposure, the Petri dishes were maintained in constant conditions (as above). Mortality was de¢ned as a lack of response to mechanical stimulation. Seawater bioassays were also conducted using the same methodology as for the copper toxicity bioassays but with the treatments comprising seawater from the ¢eld sites.
RESULTS
The highest values of interstitial labile copper were observed at Playa Palito (12.49 mg Cu l . Individuals found at Playa Palito tended to be shorter and more robust than typical specimens. Finally, at Torres del Inca there was a mean abundance of 46.4Â50 cm 3 (SE 18.8) . Further analysis of the results indicated that there was no signi¢cant correlation between S. sonomacus abundance and labile copper (Spearman's rank À0.292).
In the choice experiments, S. sonomacus generally preferred the coarser sediment option available (Table 2) . Where no choice was o¡ered, S. sonomacus was randomly distributed in the chamber (Pgr: t¼1.454, P¼0.242; Lcn: t¼1.508, P¼0.229). In chambers where only ¢ne sand (Pgr) was available, S. sonomacus tended to move around on the sediment surface. There was no signi¢cant di¡er-ence when the choice was between Las Salinas (Lcn) sediments and the ECIM shell sand from which the test organisms were extracted.
In the copper toxicity bioassays there was 100% survivorship for the control and the 12.5 mg Cu l À1 treatments, a mean of 55% for the 25 mg Cu l À1 treatment, of 17.5% for the 50 mg Cu l À1 treatment and of 0% for the 100 and 150 mg Cu l À1 treatments. The combined data for both runs was subjected to a regression analysis (Figure 2) , y¼À0.008x+0.827, R 2 ¼0.590; analysis of variance, F¼43.123, P50.001, and the resulting plot was used to calculate an LC 50 value for S. sonomacus of 44 mg Cu l
À1
. No mortality was observed in the seawater bioassays after 96 hours' exposure with seawater from any of the tests, indicating that the seawater from the sites was not toxic to S. sonomacus.
DISCUSSION
The evidence presented here clearly suggests that the polychaete Saccocirrus sonomacus is excluded from the beaches around Caleta Palito as a result of the blocking of the interstitial space by the tailings, as hypothesized, Figure 2 . Regression analysis between the % survivorship of Saccocirrus sonomacus and copper concentration (mg Cu l À1 ) using data combined from both in vitro toxicity test runs.
and not as a result of a toxic response to copper. Saccacorrus sonomacus are absent from those beaches where there has been a signi¢cant deposition of tailings (Palito 1000 m Norte and Palito 2000 m Sur) whilst their numbers are reduced at Playa Palito where tailings deposition is less signi¢cant. On the other hand, the calculated LC 50 of 44 mg Cu l À1 is always higher than the mean interstitial labile copper recorded in the ¢eld. Therefore, it seems unlikely that the absence of the S. sonomacus from these beaches is a toxic response to copper. The absence of S. sonomacus from Puerto Pan de Azucar is di⁄cult to explain, as this site is subject to neither tailings deposition nor elevated copper concentrations, its absence must therefore be due to a variable not measured in this study. However, S. sonomacus has been recorded at this site during previous qualitative sampling occasions (M.R. Lee, unpublished data) , suggesting that it is present in low densities.
The idea that S. sonomacus is a true interstitial species was supported by the results of the sediment choice chamber experiments where the polychaetes consistently preferred the open coarse sand matrix to one where the matrix was blocked by the presence of ¢ne sand. This preference was strongest, unsurprisingly, when the di¡er-ence in the amount of interstitial space was greatest. This pattern held for as little as 25% ¢ne sand in the coarse sand matrix. This response perfectly agrees with the morphology and mode of locomotion of S. sonomacus, outlined in the Introduction, with its body being clearly adapted to move from interstitial void to interstitial void. Saccocirrus sonomacus has signi¢cantly reduced parapodia, a long thread like body and is apparently incapable of burrowing if the interstitial voids become blocked. The only existing reference on sediment preferences of Saccocirridae reported that the true interstitial polychaete families, including Saccocirridae, were absent from sites comprising mud or mud^sand mix (Villora-Moreno, 1997). Saccocirrus sonomacus tend to congregate on the surface of treatments with only ¢ne sand. Assuming that this happens when the interstitial voids become blocked by tailings, then the ecological implications may be serious. Saccocirrus sonomacus would be more exposed to wave action and physical removal from the beach.
Microcosm experiments examining the e¡ects of blocking of the interstitial space by a tailings substitute (M.R. Lee, unpublished data) indicated that a reduction of the interstitial space has a negative impact on all members of the meiofaunal assemblage from a high-energy sandy beach, with the exception of foraminiferans. Ravenel & Thistle (1981) investigated the e¡ects of changing sediment structure on harpacticoid copepods, but they were unable to ¢nd any e¡ects. However, the sediments they used were considerably ¢ner than those used in the current study and therefore it is likely that the species that they were observing were burrowers rather than true interstitial species.
Clearly S. sonomacus are excluded from the beaches around Caleta Palito by the physical component of the tailings rather than its chemical component. Although this is not the subject of the present study, it can also be assumed that other interstitial organisms would be a¡ected by tailing disposal in a similar way. Including the large nematodes (e.g. Enoplolaimus sp.) and hoplonemertines (Ototyphlonemertes americana Gerner 1969), both of which are encountered at Playa Palito but not at Palito 1000 m Norte. The decrease in biodiversity resulting from the reduction in interstitial space would likely have significant implications for the ecology and stability of the meiofaunal assemblage and other components of the wider ecosystem which may interact with the meiofauna.
